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Laser cladding offers some distinct advantages for surface modifications, and is one 
of the direct energy deposition processes used for metal additive manufacturing. In 
this study, the effect of variations in the percentage of bead overlap was studied for 
6 different scenarios. The overlap percentage varied from 30 % to 47 % along the 
length of the beads. The temperature evolution and melt pool depth as well as the 
hardness and distortion fields were studied using experimental and numerical 
methods. A three-dimensional (3D) transient uncoupled thermo-elastic–plastic 
model was generated to simulate a thermal process, hardness and distortion for the 
single track and multi-track laser cladding models. The latent heat and phase 
transformations effects were considered in the thermal analysis. The numerical 
results were validated by experimentally-measured values. To identify the effects of 
the length of the clad beads on hardness and distortion, a sensitivity analysis was 
performed for a set of single track and multi-track clad beads where the bead length 
was doubled. The experimental data values were collected by measuring the clad 
hardness (Vickers hardness testing). and a height gage was used to measure 
distortion of the base plates before and after the experimental runs. The studies 
indicate that the overlap percentage affects the hardness, but not distortion. The 
hardness in the multi-track models reduces when the overlap percentage increases. 
It has revealed that the depth of the melt pool has a reverse relation with hardness.  
Additional studies must be performed, as many parameters, including the tool path, 
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CHAPTER 1 GENERAL INTRODUCTION 
 Background 
Several heat based procedures are available to improve the mechanical properties of 
surfaces for metallic parts which could suffer from erosion or corrosion; for example, 
plasma sprays and arc welding techniques have been established for coating surfaces. 
When applying one of these techniques, some common problems occur such as the 
manifestation of porosity, a poor bonding zone between the applied layer to the base 
material, and thermal distortion of the work-piece.  
One technique that overcomes these problems is laser cladding. Laser cladding is a 
technique which has highly controlled energy input characteristics. In the laser cladding 
process, there is a laser beam to melt the coating powder and substrate to create the bonding 
between the clad material and the substrate surface. The dilution zone, the region between 
the substrate and the clad bead, can be minimal. The desired laser cladding process results 
in bonding between the surface and beads generated from the powder material with 
minimal residual stress, deformation, dilution, maximal wear resistance, high hardness, a 
narrow heat affected zone, and the desired bead geometry. These characteristics can be 
controlled by changing the process parameters. The process parameters which can vary and 
change the heat affected zone (HAZ), dilution zone, geometry, and mechanical properties 
of the clad bead layers are the following (Fig. 1): Laser power (kW), Powder feed rate 
(grams/second), Laser speed (mm/sec), Focal length (mm), and Contact tip to work-piece 
distance (mm). Due to the ability to focus the energy and create repeatable bead geometry, 






Fig.  1. A schematic diagram of the laser cladding process. 
 
 Additive Layered Manufacturing Processes (ALM) 
Additive Layered Manufacturing (ALM) utilizes a high energy heat source to produce a 
near-net-shape (3D parts generated by stacking clad bead layers) product. The heat source 
in the laser cladding process is used to melt and blend a metallic powder onto a substrate 
surface or to produce a near-net-shape product [1].  Based on the way that the powder 
particles are deposited on a surface, there are two kinds of ALM.  First, the powder is 
deposited on the surface by the powder flow through a nozzle, and the laser beams which 
moves with the nozzle, and melts powder particles on surface. Secondly, the powder is pre-
placed and laser beam moves across the powder bead to melt powder and create bonding 




powder particles, which is known as powder bed additive manufacturing [2]. In both forms, 
although the way for delivering the powder is different, the moving heat source melts 
powder particles. In depositing powder via flowing through a nozzle, the powder is directly 
deposited on the surface of the work-piece [3-4], while in powder bed additive 
manufacturing the powder is deposited on the work-piece through hoppers and applied on 
the surface by a raking or rolling mechanism [5-6]. 
For producing parts using a layering build strategy, there are many technologies which are 
available to produce the parts, and more solutions are being pioneered by industry. In each 
additive layered manufacturing technology, the means by which the layers are applied on 
top of each other to create a part is different. These are described in the next section. 
1.2.1 Types of Additive Manufacturing Processes 
Fig. 2 shows the main Additive Manufacturing Processes (AM) that are utilized in industry 
- they are stereolithography (SLA), selective laser sintering (SLS), fused filament or 
material extrusion processes such as fused deposition modelling (FDM), 3D printing (3DP) 
or binder jetting, laminated object manufacturing (LOM) and laser cladding (LC). The 
advantages of AM are: 
i. Low cost of production because of being free from geometric complexity. 
ii. Final fabrication and distribution. (Each product can be fabricated without need of 
building a new assembly line or tooling machines) 
iii. Effective management of increased complexity of parts without increasing process 
planning time. 
iv. Reducing manufacturing waste. (In additive manufacturing process each 2D layer 





Fig.  2. Different methods of additive layered manufacturing processes [7]. 
 
Each type of additive manufacturing is defined as follows: 
1.2.1.1 SLA – Stereolithography 
A pool of liquid photopolymer resin is cured by selective exposure to light (by laser or a 
projector). After exposing the polymer to light (ultraviolet), it initiates polymerization and 
converts the exposed areas to a solid part [7].  
1.2.1.2 SLS Selective Laser Sintering 
Powdered materials are melted by using a heat source such as a laser or electron beam and 
then consolidated. The powder surrounding the consolidated part support may support 
overhanging features, but support structures may be required for a domed shape, holes not 














1.2.1.3 3D Printing 
For 3D printing or binder jetting, liquid bonding agents are applied onto thin layers of 
powdered material to generate the final parts layer by layer. Bonding agents can be organic 
and inorganic materials. The powder for metal or ceramic materials is used in this process 
[7].  
1.2.1.4 SCP Smooth Curvatures Printing 
Material droplets are deposited layer by layer to make 3D parts. Common varieties include 
jetting a photo curable resin and curing it with UV light, as well as jetting thermally melted 
materials that solidify in ambient temperatures [7]. 
1.2.1.5 LOM Laminated Object Modeling 
Laminated object manufacturing is a technology that applies sheets of a material on top of 
each other to form a part. Unneeded regions are cut out layer by layer and removed after 
the object is built. [7].  
1.2.1.6 FDM Fused Deposition Modeling 
The fused deposition modelling process involves using thermoplastic materials (a polymer 
that changes to a semi-liquid state upon the application of heat and solidifies when heat 
source is eliminated) which are injected onto a platform through nozzles. The nozzles move 




1.2.1.7 Laser Cladding Process and Applications 
Laser cladding is defined as the process of protecting one metal by applying a second metal 
on its surface. Materials with high quality in mechanical and physical properties are used 
to produce coating on the worn-out surfaces [8]. The laser cladding technique uses a laser 
beam to fuse coating material with different mechanical and metallurgical properties onto 
a substrate surface. The laser beam has to melt a thin layer of the substrate surface to create 
metallurgical bonding between coating material and work-piece (this is the dilution zone). 
The thickness of this melt layer should be small to restrict the dilution of the substrate 
material and the coating to preserve the primary characteristics of the coating material. 
The coating material usually is powdered and can have similar mechanical-metallurgical 
properties with respect to substrate or it can be dissimilar to the substrate. In industry, for 
improving the substrate surface properties, dissimilar metals are used for the coating 
materials [9].   
In the laser cladding process, a laser beam acts as the heat source to melt the coating 
material powder or wire when it is being deposited onto the substrate surface. This process 
uses an off-axis or coaxial nozzle to inject the powder into the melt pool on the substrate 
as shown in Fig. 3. Laser cladding is a pioneer coating technology which creates a strong 
bonding between the substrate surface and coating material [10]. Today, laser cladding is 





Fig.  3. Schematic of the LDMD process [8]. 
 
The laser cladding process can be applied for both coating and repairing, as well as for 
rapid prototyping [11]. The laser cladding technology is widely used for repairing and 
refurbishing of expensive components (Fig. 4). Laser cladding can be used to support rapid 
design changes (local modifications), functional coatings, and generation of 3D 






1.2.2 Laser Cladding Pros & Cons 
Today, interest for applying the laser cladding technique to make large metallic 
components, or generating coating for parts is increasing. Most of the components which 
are needed to be produced should have high wear and corrosion resistance as well as high 
hardness. Laser cladding is one of the best technologies to satisfy most of these 
requirements [11]. Advantages of laser cladding include: 
i. Different types of powders could be mixed and the feed rate for each powder is 
controllable. 
ii. Laser cladding can cause the hardness, yield strength and fatigue strength of the 









iii. In order to reach a narrow heat affected zone (HAZ), energy of beam has the ability 
to be focused to a very small spot [15]. 
iv. Mechanical failures can be restricted by minimizing the heat affected zone (HAZ). 
Disadvantages of laser cladding include:  
i. High investment cost, 
ii. Low efficiency of the laser source,   
iii. Lack of control over cladding- some process parameters should be set at the 
beginning of the process and cannot change during deposition, and 
iv. Skilled operators are required. 
 
 Motivation and Research Objectives 
The laser cladding technology has been noticed by more manufacturers due to the 
advancement of laser techniques. This technology needs high investment, but because of 
its high potential for different areas of industry (coating creation, repair, rapid prototyping 
and so forth,) much research has been done related to understanding the different aspects 
of this technique. Unlike the other technologies, laser cladding has the ability to restrict the 
heat affected zone (HAZ) and create a high strength bonding connection between a coating 
and the substrate surface, and as a result enhance the physical and metallurgical properties 
of the components. In this process the depth of dilution should be as small as possible to 
maintain the unique properties of coating material. 
1.3.1 Motivation 
As explained previously and in more detail in chapter 2, many aspects of the laser cladding 




additive manufacturing processes, as it can create a component or coating without any 
restrictions which have limited the other technologies. Some researchers have investigated 
multi-track bead configurations with constant overlap beads both experimentally and by 
simulation, and have considered the effects of different input parameters on the mechanical 
and metallurgical properties of the components. The effects of the manufacturing processes 
on the bead geometry has been investigated as well. However, most of the parts which are 
being coated by laser cladding do not have rectangular surfaces. Their complex geometry 
makes the generation of coating tool paths complicated. Multi-track beads with a constant 
overlap cannot be a solution. In this study a solution to reduce the uncoated spots on the 
substrate surface is introduced. Fig. 5 shows different shapes of a substrate which need to 
be coated with a variable overlap percentage in some regions. By deposition of beads with 
a constant overlap percentage, there are still some uncovered regions. The only solution to 
solve this problem is to introduce a variable overlap. Coating complex parts is a common 
problem in industry, and the problem is greater for parts to be made by an additive 
manufacturing approach. However, any solution to eliminate this problem has not been 
investigated previously. This study aims to investigate mechanical properties of multi-track 
beads with variations in their overlap percentage to reach a deep understanding about their 
final characteristics. This will help process planning strategies for complex parts. 
In today’s industry, there are many expensive parts. These parts may need to be coated to 
be durable, otherwise they will have to be replaced during usage. On the other hand, some 
parts are used in situations that are subject to corrosive fluids or are used in abrasive 
environments. Parts replacement is not economical. Covering them with a high quality 




with high mechanical quality to that covers all of the worn out surfaces equally and 
minimizes the uncovered areas. This will also be a problem when fabricating near net shape 
components as each layer may be different. New AM based tool path solutions need to be 
introduced.  This study aims to understand the impact of introducing a variable overlap 
percentage between adjacent beads, and considers the mechanical properties of a final 












Fig.  5. Constant and variable overlap of clad beads on substrate. a) convex substrate. 
b, c) circular surfaces. 
  
1.3.2 Thesis Objective 
In laser cladding a layer of clad material is placed on a substrate to improve its mechanical 
and metallurgical properties. Based on the different thermal properties of the coated 
material and the substrate, an uneven temperature distribution is created in this area. In 
laser cladding a very sharp thermal gradient exists near the heat source. This thermal 
gradient has a significant effect on the mechanical properties of the deposited clad, and 
impacts the substrate. The high temperature reduces quickly and causes distortion of final 
component. Therefore, the final dimensions, as well as the mechanical, and physical 
characteristics are impacted by the process settings, the materials being used, and the tool 
path parameters.  
In depositing a clad layer on a substrate one of the main points is that all the surface of the 
substrate should be covered by the clad layer to achieve the desired results. Uncovered or 
partially covered areas can create failure points and reduce the component life. Using a 
constant bead overlap has been considered by different researchers, which will be discussed 
more in chapter 2. However, in many cases the overlap is not constant, especially at a 





novelty of this study is that the thermal zone, hardness, and distortion in multi-track laser 
cladding models with variable overlap percentages are explored and quantified.    
The long term goal of this study is to model 3D parts generated by stacking clad bead layers 
and predicting the resultant quality. New layering tool paths need to be developed.  Here, 
this research will quantify a surface coating problem (2D) for a variable overlap percentage 
scenario to understand the influence of the percentage overlap on the mechanical 
properties. 
 Outline of the Thesis 
This thesis is divided into six chapters, which are summarized as the following: 
Chapter 1 provides the general information and different additive manufacturing methods. 
The laser cladding process is defined and its advantages and disadvantages are expressed. 
Also, the research objective and its motivation are presented. 
Chapter 2 provides a review of the literature related to this research topic to identify the 
contribution of this work. The background for hardness and distortion analyses, phase 
diagrams and thermal control are also discussed. The experimental setup and data 
acquisition system is discussed in chapter 3. The simulation methodology is presented in 
chapter 4. The experimental and numerical results of thermal and structural analyses are 
discussed in chapter 5. The sensitivity of bead lengths on hardness and distortion are 
presented in chapter 6. The final section, chapter 7, the conclusions and future perspectives 





CHAPTER 2 REVIEW OF THE LITERATURE 
 Introduction 
In comparison to physical vapor deposition [16,17], chemical vapor deposition [18,19], 
and spraying processes [20,21], laser cladding is more valuable because it can deposit clad 
layers to achieve high hardness, good wear resistance and can be highly resistant to 
oxidation [22].   Laser cladding can be affected by the laser power, powder feed rate, laser 
travel speed etc. Laser cladding is a complex thermal and metallurgical process. This 
technology has the potential to grow significantly for both cladding and additive 
manufacturing. Research activities are being investigated all around the world to 
understand and enhance the quality of this process. Many researchers have focused on 
finding the optimized process parameters to increase the efficiency of the process. 
Laser cladding technology is a combination of laser technology, (CAD/CAM) design, 
powder metallurgy and so on to create a coating layer or parts via a layering strategy. This 
technology’s existence originated from the lasers’ discovery [23]. The term “laser” is an 
abbreviation for “Light Amplification by Stimulated Emission of Radiation”. A laser beam 
is generated by emitting light coherently which has the ability to be focused on a spot. This 
attribute of lasers, is leveraged for laser cladding, laser cutting, etc. applications. Ciraud 
[24] in 1971 introduced laser based additive manufacturing for the first time. He suggested 
a powder-based direct deposition additive manufacturing technique. In his research, he 
focused on non-metallic powders. One of the primary methods of using laser cladding for 
metallic materials was investigated in 1982 by Brown et al. [25]. They suggested 
production of a part by depositing some thin layers of clad beads to reach a near-net-shape 




Other research related to the usage of a laser for surface treatments was conducted in the 
70’s by Gnanamuthu [26], Seaman [27] and Weerasinghe et al. [28].  
 Microstructural Evaluation of Stainless Steel in Laser Cladding 
Based on the desired mechanical-metallurgical properties of deposited materials, the 
microstructures for both the deposited layers and the substrate are important factors for the 
laser additive manufacturing process [29].  
Gas tungsten arc cladding [30], plasma spraying [31], laser cladding, and high velocity 
oxygen fuel spraying (HVOF) [32] etc. are the technologies used for surface treatments. 
Among them, laser cladding generates a strong metallurgical bonding between a dense 
coating and work-piece surface. Laser cladding has different advantages with respect to 
conventional procedures [33-35]. The microstructures for many metallic materials were 
studied by different researchers in laser cladding process. AISI 316 steel has outstanding 
corrosion resistance in most chemical, salty and acidic environments and its high amount 
of Mo helps to increase wear resistance in marine environments [36].  
The low carbon AISI 316 is called AISI 316 L, is used for vivo applications [37-38]. Today, 
AISI 316 L is used in laser cladding technology for production of dental caps, ultra-light 
structures and channels for aircraft, automotive, and medical industries. 
Ready [39] investigated the tensile strength, yield strength and total elongation of AISI 316 
depositions. The relationship between the final material properties of the deposited beads 
and input parameters of AISI 316L deposition were evaluated by Pinkerton and his 
colleagues [40]. David et al. [41] considered the rapid solidification effects on the 
microstructure for austenitic stainless steels used in welding processes. Zhang et al. [42] 




microstructure and properties of the laser direct deposited coatings. Mazumder et al. [43] 
investigated the microstructure and mechanical properties for the H13 alloy deposition for 
production of a 3D component. 






































































































































































































1 Zig [29] X    X    X  SLM,FEM 
2 Liu [33] X    X   X  X Structural Analysis 
3 Zhao[35] X          SLM 
4 Lim [38] X   X    X    Structural  
5 Pikt [40] X    X       Structural  
6 
Uhn[41] X 
 X     X   Thermal-Structural  
7 Zhang[42] X    X   X    Structural 
8 Mazder [43] X    X   X  X  Structural 
 
It can be seen that many studies have been conducted to analyse the microstructure of the 
clad beads. No foundation for process parameter optimization was provided. Thermal 
models, which would quantify solidification, are not studied, except for reference [41], 
where a thermal structural analysis for a single bead is explored. No one has considered 
the effects of overlap variations for the laser cladding process considering the thermal, 




 Thermal Control in Laser Cladding 
The physical-metallurgical properties of the clad layers depend on the solidification of the 
deposited materials. The thermal history impacts the solidification structure and the texture 
of the deposited material. Solidification affects the texture of the deposited material and is 
controlled by the cooling rate [44]. The heat flow supplied by the laser beam is selected to 
balance the heat affected zone, size of the fusion regions, the microstructure and properties 
of deposited layers [45,46]. Heavy heat input causes the strength of the structure to be 
reduced and increases the residual stress [47,48].  Bi et al. [49] evaluated the thermal cycle 
of AISI 316L for depositing a thin clad layer onto a work-piece. The melt pool temperature 
was measured, and it was found that the variation in the melt pool temperature and cooling 
rate causes dimensional and microstructure errors. Doubenskaia et al. [50] monitored the 
temperature of the melt pool with pyrometers and special cameras in laser cladding process 
with a coaxial powder injection, and clarified instabilities caused by varying the operating 
parameters in cladding area. Hu et al. [51] used two thermocouples to specify a laser 
cladding temperature distribution. The temperature of the deposition varied in the range of 
1650 ℃ and 1800 ℃ under different processing situations. The effects of the powder feed 
rate, scanning speed of the laser, spot size, laser power, and flow rate of shielding gas on 
the melt pool were investigated by Hua et al. [52]. They found a relation between the melt 
pool temperature and the clad bead thickness. 
The prediction of the clad bead shapes was conducted by Peyre and his colleagues [53]. 
Wang et al. [54] presented a 2D thermal model to anticipate the temperature distribution 
while laser cladding of metal on stainless steel 316. They illustrated the thermal profiles 




history influence on the properties and microstructure of deposited stainless steel 410 was 
investigated by Zahng et al. [55].  Vasudevan et al. [56] monitored the melt pool by infrared 
thermography. They measured the temperature profiles by using a combination of 
thermocouples and IR thermography to specify emissivity. 
Some researchers controlled the melt pool temperature in the laser cladding process by 
installing closed-loop controllers. A predictive control system to control the melt pool 
temperature was presented by Song et al. [57]. A PID controller was developed by Salehi 
and Brandt [58] to monitor melt pool temperature and to control it during the laser cladding 
process. The clad layer quality as well as the dilution zone and the extent of the Heat 
Affected Zone (HAZ) was considered.  They understood by only controlling the melt pool 
temperature, the desired cladding results can not be reached. Controlling the melt pool size 
and other process parameters are also essential to control the cladding process and improve 















Table 2. Critical literature review summary regarding thermal analysis. 
 
Although several experimental thermal analysis studies have been conducted with multiple 
beads, limited researchers assessed hardness, or the solidification. These researchers, 
except for references [53] and [55], did not develop simulation models, so they did not 
report trends along the geometry. The effects of variation of the overlapping beads on the 














































































































































































































X      X    
Thermal 
Analysis 
3 Yue [46] X   X   X    
Thermal/ 
Structural.  


















 X  X   X   X 
Thermal/ 
Structural.  
8 Hu [51]  X     X    
Thermal 
Analysis,  
9 Hua [52]  X  X X  X    
Thermal 
Analysis,  


















  X    X    Melt Pool 












 Cooling Rate and Solidification in Laser Cladding  
Much research has been done for melt pool temperature analyses, but few researchers have 
worked on cooling rate measurements for laser additive manufacturing. Griffith and 
Hofmeister [59] utilized metallographic and thermal imaging for Laser Engineered Net 
Shaping processing of stainless steel 316 and H13. They [59] used a 12-bit digital charge-
couple camera for the radiant intensity measurements and utilized thermal imaging for 
temperatures, gradients, and cooling rates around the melt pool measurements.  They [59] 
figured out that it is not practical to use a thermal imaging system in real time to measure 
cooling rates, because of the complexities of the process. Griffith and his colleagues [59] 
reported a range for cooling values between 200–6000 𝐾𝑠−1 for the solid-liquid interfaces. 
For the melt pool, length range was from 0.5 𝑚𝑚 to 1.5 𝑚𝑚.  
The thermal behavior of Laser Engineered Net Shaping processing of stainless steel 410 
was characterized by Wang et al. [60] with the usage of a two-wavelength imaging 
pyrometer. They found that the melt pool maximum temperature is approximately 1600°C. 
They [60] realized that the melt pool size and cooling rate depend on the travel velocity 
and the laser power. Yamashita et al. [61] used two high-speed cameras and one two-color 
thermometry to measure the temperature during laser cladding. They measured the 
temperature distribution and the temperature history precisely and found that the cooling 
rate is high during laser cladding.  
Yu et al. [62] utilized two different methods for measuring temperature in the laser cladding 
process of AISI 304. The first one was an online measurement of the melt pool by real-
time tracking, in which the sensor and laser head moved with each other and focused on 




at a fixed-point, in which the sensor focused on the midpoint of the clad bead without 
movement. They [62] found that cooling rate decreases with the powder feed rate reduction 
and increases with the laser power and scanning velocity for a single layer deposition 
experiment. The cooling rate increases with an increase in number of the deposition layers. 
 For prediction and controlling the laser cladding process, understanding the theory of 
solidification is crucial.  Solidification determines the microstructure of the cladding 
deposit. So, it is an important factor to predict the morphology of the cladded structures 
[63].  
The deposited materials have an either equiaxed or columnar grain structure during 
solidification [64]. The desired structure has a columnar morphology. The ratio of the 
temperature gradient to the solidification rate, G/R, determines the solidification 
morphology. A high ratio of G/R causes a columnar morphology and a low ratio of G/R 
causes an equiaxed morphology [63-69]. Process parameters influence the thermal history 
of the cladded materials. Gaumann et al. [67] noticed a reduction in the laser power causes 
the temperature gradient to increase when laser cladding the CMSX-4 super alloy.  Zhang 
et al. [70] determined that a lower laser power for cladding Inconel 718 alloy causes a finer 
microstructure. A reduction in input energy is aligned with a cooling rate increase and a 






































































































































































































X    X X    LENS Processing 




     X     Melt Pool 
4 Yu [62]    X  X    Interfacial tensions,  
5 Roberts [63]    X  X X   dendrite arm spacing 
6 Nie [64]  X    X  X  Element birth  
7 Xiangyi [65] X X  X  X    Secondary dendrite  




X  X   X  X  gas-turbine blade 




X    X X  X  Dendritic growth 
12 Zhang [70] X  X   X X X X Heat treatment 
13 Bonifaz [71]  X X   X  X  gas welding 
 
Although many researchers considered the solidification effects on mechanical properties 
of clad bead area, there is a lack of consideration of the mechanical properties of the clad 
areas for their experiments (i.e. hardness). Many researchers explored the microstructure 
evolutions, and had developed thermal models, but reported limited hardness data. No one 





 Fatigue Life Consideration of Deposited Material Life by Laser Cladding 
For controlling laser cladding process, the main output parameters should be known. The 
clad geometry and the microstructure of clad tracks are two of the important output 
parameters and used to specify the mechanical and metallurgical properties of the 
deposition. Additionally, other parameters such as the bonding, hardness, wear resistance, 
residual stress, crack formation, and surface roughness have high importance in order to 
produce a part or a coating on a work-piece, repair a mold, and so on.  
Although the laser cladding process has many advantages, the high heat gradient which 
causes rapid heating and cooling characteristics during laser cladding process and 
solidification causes residual stress which is one of the critical factors that influences the 
life time of a part [72-76].  
The generation of residual stresses is divided into to events: (1) solidification or primary 
cooling which happens when temperature of melt pool reduces which results in the 
solidifying of the cladding structure; and (2) rapid cooling or secondary cooling which 
happens when temperature of whole of the structure that consists of the substrate and 
coating reduces to room temperature [33]. Residual stress in a clad bead consists of thermal 
stress, structural stress, and restraint stress. Among them residual stress generated by the 
thermal gradient is predominant. Tensile residual stress concentrated in the clad bead and 
compressive residual stress is concentrated in the Heat Affected Zone area (HAZ) and 
substrate [77]. 
Previously, several methods have been used by researchers to reduce residual stress; 
including designing cladding material compositions, optimizing process parameters, and 




stainless steel doped with V2O5. They determined that the cracks number were significantly 
reduced by increasing content of V2O5.  Weng et al. [79] prepared coatings on Ti6Al4V 
substrates by laser cladding a Co42 self-fluxing alloy with TiN and Y2O3 mixtures.  
Coating with 1.0% Y2O3 (mass fraction) resulted in good metallurgical bonding with the 
substrate and it did not have cracks. Riquelme et al. [80] fabricated a coating by Al matrix 
reinforced by SiC on a ZE41 magnesium alloy. They found that the optimum parameters 
for laser cladding was 650 W of laser power and 17 mm/s of laser speed to improve the 
coating mechanical properties. Zhou et al. [81] considered crack susceptibility in Ni-based 
composite coatings on A3 mild steel with different input parameters and found that crack 
susceptibility increases with an increase in laser power. 
Different researchers have worked on the composition of coatings or on finding optimal 
input parameters; however, the selected composition or input parameters are suitable for a 
specific laser cladding process. Fallah et al. [82] focused on the reduction of residual stress 
by preheating the substrate before deposition and found this can help to prevent crack 
initiation. Lestan et al. [83] considered Metco 15E powder deposition by the Laser-
Engineering Net Shaping technology onto cast iron and found this technology decreased 
number of cracks in the coating.  Nazemi et al. [84] considered effects of heat treatment on 
residual stress and found putting the cladded component in a furnace with temperature of 
565 ± 5 C reduces residual stress and results in crack sustainability reduction. They 
determined that optimal time for the heat treatment was 1 hour and realized that the residual 





Table 4. Literature review summary regarding fatigue life. 
 
 Hardness in Laser Cladding  
The resistance of a material from penetration of a semi-static force is named hardness.  
Hardness has a direct relationship with scratch proof ability which means harder materials 
are hard to scratch. It also has a direct correlation with the yield strength or ultimate tensile 
strength of materials [85]. A well known hard material is diamond and one of the softest 

































































































































































































1 Alam [72]    X   X X X   Bead Geometry 
2 Liu  [73] X   X      X Corrosion Reduction  
3 Nazemi[74]   X     X X  Thermal/ Structural  
4 Vundru [75]     X   X X  Mechanical model 
5 Köhlera [76]    X      X Mechanical model 
6 Nazemi [77]    X   X X X  Distortion 
7 Wang  [78] X   X  X    X Distortion 
8 Weng [79] X      X   X Composite coating 
9 Riqulme [80]  X  X   X   X Melt pool 
10 Zhou [81] X X  X   X   X Laser rapid cladding 
11 Fallah  [82] X   X    X  X Preheating process 
12 Lestan [83]  X   X  X   X  (lens™) technology 




Its high thermal conductivity and low thermal expansion have made it a perfect material to 
be used in laser cladding [85]. Diamond can be used as a tool for measurement of hardness 
in other clad layers. Some input process parameters and the complex temperature 
distribution cause variations in hardness values of the clad beads [87-91].   
Wang et al. [92] investigated the deposition of Ni60 with CeO2, Y2O3, and La2O3 on a 
surface of 6063 aluminum alloys. Both with the rare earth content and without the rare 
earth content, the hardness of coating of the layers decreased from the clad coating toward 
substrate. In comparison to the Ni60 cladding layer without the rare earth content, the 
added rare-earth materials enhanced the surface hardness of the Ni60 cladding layer [92]. 
Some researchers have worked on the hardness pattern in clad layers generated with 
amorphous alloys on the substrates. Amorphous alloys are meta-stable products fabricated 
by rapid cooling. A series of FeNiP(Si)B amorphous coatings were generated through 
flame spraying in 1984 by Miura et al. [93]. After that, amorphous coatings were fabricated 
widely by laser cladding [94-97]. The hardness of these coatings is very high [98-100]. 
Nazemi et al. [101] considered hardness in multi-track laser cladding models with 40%, 
50% and 60% overlap both experimentally and numerically and found that in all cases, the 
hardness decreased from the first bead to the third bead. The highest average of hardness 
for the first, second and third bead belonged to the 60%, 40% and 50% overlap, 
respectively. However, Nazemi et al. determined that the hardness varies at the joint 





































































































































































































1 Pavlina [85]             X        Yield Strength, Tensile 
Strength  
2 Iravani [86] X X   X     X       Diamond  
3 Lewis [87] X       X X X       Near-Net Shape Accuracy 
4 Mazumder 
[88] 




X X   X     X       Closed Loop Optical 
Feedback System 
6 Shin [90] X X     X   X X     Heterogeneous Solid 
Modeling 
7 Yu [91]   X     X   X       Fabricating Stability 
8 Wang [92] X     X     X       Rare-Earth Oxides 
9 Liu [93]             X       Fe-Based Amorphous 
Coatings 
10 Zhou X   X       X     X Re-Melting Clad Beads 
11 Cao [95] X     X   X X       Composite Coating 
12 Zhu [96] X     X     X       Amorphous Composite 
Coating 
13 Wu [97]       X     X       Amorphous Alloy 
Coating  
14 Lu [98] X     X     X     X Triple Laser Scanning 
Strategy 
15 Tan [99] X     X   X X        Composite Coatings 
16 Köster 
[100] 




      X     X X     Thermal/ Structural 
Analysis 
 
Based on the research that has done on laser cladding processes, it was revealed that the 
deposition of multi-track beads causes reduction of hardness from the first bead to the last 




Based on the effects that the overlap percentages have on hardness, there is a research gap 
regarding hardness behavior in multi-track clad beads with variations of the overlap 
amount, which considers the thermal gradients, solidification, hardness and bead geometry, 
and have experimental data which correlates well to a simulation model. One of the 
contributions of this study is to understand this build condition. 
 Distortion Consideration in Laser Cladding Process: 
The distortion that a part experiences through cladding process is similar to the distortion 
that it would experience during welding processes [102], as the laser cladding process has 
a lot in common with welding processes. The number of passes, the deposited material 
volume, and not having a specific joint geometry are differences between laser cladding 
and welding [102]. Lindgren et al. [103] investigated welding distortion and residual stress 
formation by utilizing finite element methods.  Chiumenti et al. [104] considered the ways 
that laser cladding process can influence final distortion quantities to find that the final 
mechanical properties resulted from different deposition passes. Fessler et al. [105] 
investigated the sequences of the deposition passes. Klingbeil et al. [106] considered the 
effects of pre-heating on the final distortion. Vayre et al. [107] analysed the fixturing effects 
on distortion. All of the aforementioned researchers used a variety of different materials 
and different process parameters. Although they checked the final distortion, they did not 
consider the accumulation of distortion during the cladding process. 
Grum et al. [108] measured the strain evolution during the laser cladding process for 
different deposition patterns and laser energy. Plati et al. [109] used their model to measure 
deformation and found that plastic deformation causes residual stresses generation also led 




Ocelí k et al. [110] measured in situ strain and deformation during single and multi-pass 
laser cladding with several powder materials and used steel and stainless steel as substrate. 
They figured out that the displacement at the beginning and the end of the laser tracks were 
approximately the same, which showed the plate bending symmetry. 





























































































































































































1 Heigel [102]       X   X         In Situ Measurements 
2 Lindgren [103]       X   X   X X   Welding Process 
3 Chiumenti [104]       X   X   X X    Deposition Pass Orientation 
4 Fessler [105]       X   X     X   Sequence of Deposition Passes 
5 Klingbeil [106]       X   X   X X   Pre-Heating 
6 Vayre [107]       X             Electron Beam Melting 
7 Grum  [108] X X   X     X   X   Part Fixturing  
8 Plati [109]       X   X     X   Composite Deposition Martial 
9 Ocelí  [110]   X X     X   X X   Re-Melting 
 
As explained in this section many researchers considered distortion in different laser 
cladding processes, but as it can be noted, no one considered the affects that variation of 









The laser cladding process, as a material processing technique, is being used to fabricate 
coating layers or near-net 3D components directly from their CAD models. The laser 
cladding setup consists of a positioning device, a laser beam, and a material deposition 
system. In the laser cladding process, a laser beam is used as a heat source to melt a small 
spot on a substrate, placed on a work station, which moves along predefined toolpaths. By 
delivering the powder material into the melt pool, a track is formed and as the heat source 
moves away the melted material solidifies.  
It is evident from the summary matrixes provided in this chapter that researchers have used 
the cladding process for additive manufacturing and contributed significantly in analyzing 
and modeling of the single and multi-track beads with constant overlap percentages.  
A research gap is identified in the areas of multiple beads with overlapping conditions, and 
the effects of variable overlap on the mechanical properties and distortion, which is the 
focus of this research. In this research we generate a calibrated numerical model to find the 
effects of the overlap percentage variation on hardness and distortion. This model will be 
extended to be used for multiple layers and thin wall bead stacking scenarios. 
This study introduces variable overlap percentage multi-track laser cladding models to 
enhance the quality of coatings by increasing the coverage of the work-piece surface. The 





CHAPTER 3 DESIGN OF EXPERIMENT 
 Experimental Design and Methodology 
To explore the influence of variable overlap on the melt pool depth, distortion, and 
hardness, 18 sets of samples were generated. All of the experimental procedures are 

















Fig.  6. Flowchart of experimental sets. 
 
 
Defining the size of the base plates and the 

























Single bead and multi-track bead laser cladding experiments are conducted to deposit AISI 
420 onto a mild steel substrate (AISI 1018) using a 2.4kW diode laser and a coaxial nozzle. 
The compositions of the materials are shown in Table 7. A robotic based laser cladding cell 
is used for cladding process (Fig. 7). 
 
 
Fig.  7. Laser cladding work cell utilized for this research. 
 
Table 7. Chemical composition of the substrate and cladding powder. 
 
All the plates have the same width and height, 30 mm and 5 mm, respectively. Three 
samples have a 180 mm length and the other three samples have a 100 mm length. A Speed 
Grinder & Polisher with an Automet 3000 Power head were used to polish the base plates 
prior to deposition. Distortion measurements were conducted on the face of the specimens 
which is not cladded. In order to have the same reference level for distortion measurements, 
the basic 3-2-1 fixturing principle was used. Three 3 mm holes are drilled through the plate. 
Elements C% Si% Mn% P% S% Cr% Ni% Cu% Sn% Co% 
  AISI 1018 0.18 0.19 0.81 0.012 0.033 0.1 0.14 0.23 0.01 - 




The same three locations will be used on each specimen. Ball bearings were placed 
underneath the holes on the surface plate. This will establish a planar surface for reference 
and a stable, static method for locating all samples (Fig. 8,9). For all the samples a one-
way deposition pattern is used (Fig. 10). 
 
Fig.  8. Mapping for distortion measurement on plate with 180 mm length 
 









Fig.  10. Variable overlap beads. a) one bead, b) two beads, c) four beads. 
 
A 2400 W power level was used when depositing the powder material onto substrate and 
the 4.4 mm laser spot size is kept constant through the experiments. AISI 420 powder (gr/s) 
is delivered through a nozzle onto the plate surface through a concentric nozzle with argon 
gas. The nozzle assembly is a part of the laser beam delivery head and is mounted on the 
Z-axis, while the work piece stays stationary. 
To avoid a potential time of lag between powder hopper and the melt pool, the powder 
feeder is turned on 5 s before the deposition starts. Argon gas is also used as carrier and 






 The Experimental Design Parameters 
In this research, facility of an industrial partner is used to conduct the experiments. Before 
designing the experiments, the static factors for all the experimental runs are specified 
(Table 8). Due to the equipment limitations, the focal length, contact tip to work-piece 
distance and laser spot size were fixed. The detailed process parameters can be seen in 
Table 9. 
 
Table 8. The static parameters used for the experiments. 
Constant Factors Specification 
Workbench angle 0 (degrees) 
Laser torch angle 90(degrees) 
Powder feed rate  19 gr/s 
Shielding gas 100 %  Argon gas 
Base material (Substrate)  AISI 1018 
Powdered material (Clad)  P420 stainless 
Focal length   400 mm 
Contact tip to work-piece distance   23 mm 
Nozzle type Co-Axial nozzle  
Tip-Size (diameter) 4.4 (mm) 







Table 9. Experimental design parameters. 
Process Parameters Units or Notes 
Heat source power  2400 Watt  
Heat source type Gaussian distribution  
Scanning speed 15 mm/s 
Scanning Pattern  One way  
Contact tip to work-piece distance  23 mm 
Laser Turning Time 2 s 
Start Overlap Percentage 30% 
Start Overlap Percentage 47% 
Focal length of lens   400 mm 
Ambient temperature 20 C 












 Equipment Needed for the Experiments 
Table 9 incorporates a list of the equipment that is used for all the experiments. Once the 
experiments are set up and all samples have been prepared, the next step is to process them 
and to collect the bead shape parameters, distortion, and hardness.  
Table 10. Equipment used for the experiments. 
 
 Sample Preparation  
The specimens are sectioned (where the clad shape reaches steadiness) using a manual 16”-
abrasive cutter and/or electric discharge machine (EDM). 
Before putting the samples under microscope, all samples are ground with an Si C abrasive 
grinding paper with the grit size ranging 240 to 1200 microns. The deposition heights and 
widths are measured with an Olympus SZX12 optical microscope equipped the with Image 
J-software and the data are collected. 
 
Constant Factors Specifications 
Microscope (Imaging) Olympus SZX12 
Abrasive Cutter  Buehler, Oscillamet 
Gas Mask Gas respirator face mask 
Etching Solution Nitric hydrochloric glycerol  
Polisher/ Grinder Speed Grinder & Polisher with Automet 3000 Power head 






Fig.  11. Optimal microscope attached with computer. 
 
 Experimental Runs 
3.5.1 First Experimental Run 
The first bead with a 160 mm length is deposited on the substrate surface. The plate size is 
180mm*30mm*5mm. The bead length is 160 mm. 
 
Fig.  12. Top view of the single track on 180 mm length substrate. 
 
3.5.2 Second Experimental Run 
In the second run the second bead with both constant and variable overlap segments is 
deposited on the plate. The static overlap percentage in the first segment of the second bead 




variable overlap percentages ranging from 30% to 47%. In the third segment of the bead, the 
powder is deposited with a 47% overlap constantly. 
 
Fig.  13. Top view of two beads on 180 mm length substrate. 
 
3.5.3 Third Experimental Run 
The first and second beads are deposited same as the first and second experimental runs. 
The third and forth beads are deposited beside the previous beads. The beginning and end 
sections of the third and forth beads have constant overlap as 30% and 47% respectively 
for 10mm and the mid-section of them have variable overlap from 30% to 47%.  
 
 





3.5.4 Forth Experimental Run 
One bead with 80mm length is deposited on the substrate surface. The plate size is 
100mm*30mm*5mm. 
 
Fig.  15. Top view of the single track on 100 mm length substrate. 
 
 
3.5.5 Fifth Experimental Run 
In the 5th run the second bead with both constant and variable overlap segments is deposited 
on the plate. the beginning and the end segments have the same length as 10 mm and their 
overlap percentages are 30% and 47% respectively. The middle segment overlap changes 
from 30% to 47%. 
 






3.5.6 Sixth Experimental Run 
The first and second beads are deposited same as the forth and fifth experimental runs. The 
third and forth beads are deposited beside the previous beads. The beginning and the end 
sections of the third and forth beads have constant overlap percentages as 30% and 47%, 
respectively for 10mm and the mid-section of it, has variable overlap from 30% to 47%.  
 
Fig.  17. Top view of four beads on 100 mm length substrate. 
 
 Distortion Measurement 
Distortion measurements were carried out on the specimens before and after the cladding 
using a probe indicator. Ball bearings are used for fixturing, and the probe height gage is 
used for the distortion measurements (Fig. 18).  
 





3.6.1 Distortion Measurement Before the Experiments 
The distortion of all of the plates were measured before the deposition of the clad beads to 
determine the initial substrate conditions. The distortion of all of the plates with the same 
lengths were measured at the specified points and the final results were averaged. Fig. 19 
shows the displacement of all of the samples. As it can be seen the amount of distortion 










































































 Distortion Measurement After the Cladding Processes 
The difference between the pre- and post-process measurements are used to calculate the 
final distortion of the plates. Fig. 20 shows the direction of measurement is Y axis. The 
displacement in each point was measured in y direction for three different replicates and 
the average of distortion for each point of the samples was used for analysis.  
 
 Hardness Measurement 
In all samples, the hardness was measured in pairs with the Vickers hardness test 
equipment. The first  distance to the start point of the beads is 10 mm, and second  distance 
to the enf point of the beads is 10 mm. If the total length of bead is supposed to be “x”, 
hardness is measured in cross-sections created at “x=10” and “x=bead length-10”. In each 
bead of each sample hardnes was measuered in from the bead area to surface area. 
 




3.8.1 Hardness Measurement Approach 
For the Vickers hardness measurement, a calibrated machine was used to apply 200 grams-
force a by a diamond indenter for 12 s and the indentation diagonals were measured with 
microscope after removing the load. Finally, the Vickers hardness number, in term of 𝑔𝑓 
and 𝜇𝑚 was calculated as follows: 
𝐻𝑉 = 1854.4 ×
𝑃
𝑑2
    
(1) 
 
Where P id applied load (200 𝑔𝑓), and 𝑑 is diagonal length of the indentation (𝜇𝑚). 
 
The numerical thermos-elastoplastic models of the samples with 100 mm length is 














CHAPTER 4 THERMAL AND STRUCTURAL FINITE ELEMENT ANALYSIS 
METHODOLOGY 
 Thermo-Mechanical FE Modeling 
Experimental measurements provide information at a localized region, but there are two 
issues: (i) firstly, experimental measurements are very time consuming, as different tools 
and data collection strategies are required to collect geometry, hardness, and distortion 
information; (ii) secondly, it is not possible to measure the mechanical properties of the 
final component in all locations. Based on the explained reasons A 3D thermo-mechanical 
FE model, which was sequentially uncoupled (as described below), was developed to 
calculate the temperature distribution first and then the thermal results were applied to the 
mechanical analysis.  SI units are used in the numerical study. The FE software package, 
ANSYS, was used for the models. There are three major steps for the finite element 
analysis, which are (i) pre-processing, (ii) processing (thermal analysis and mechanical 











Fig.  21.The major three steps in the finite element analysis. 
 
The finite element analysis for the laser cladding process in composed of two different 
aspects, which are the nonlinear transient thermal analysis, and the partially static 
elastoplastic mechanical analysis. After completion of the thermal analysis, a mechanical 
analysis is conducted. The defined thermal load is applied to the mechanical analysis. Both 
the thermal and mechanical analyses can be performed either simultaneously as a coupled 
analysis or in an uncoupled way. In a coupled analysis, the thermal expansion can influence 
the mechanical analysis by changing the material properties, and at the same time the 
mechanical analysis changes the thermal model. Both thermal and mechanical analyses 
should be done simultaneously done for each time step to get exact results for the numerical 
analysis. In an uncoupled analyses, the temperature field and stress field interactions are 
not completely linked, and the two analyses can be conducted in a sequence. This requires 
less computational cost, so, in this study uncoupled analyses is performed. The steps of an 

















Fig.  22. Flowchart of uncoupled thermal and mechanical finite element model. 
 
 Thermal Analysis 
The energy conservation equation is used as the governing equation for transient thermal 
analysis: 




















) + ?̇?𝑙𝑎𝑠𝑒𝑟(𝑥, 𝑦, 𝑧, 𝑡)  
(2) 
Define the analysis type  
Define element type  
 
Define boundary and initial 
conditions. 
Define material properties  
Define the heat source model and its 
movement direction. 
Deactivate the elements in bead 
area.  
Are the results validated? Switch thermal element to structural 
element and define temperature 
dependent material properties 
Define structural boundary 
condition and transfer thermal 
results   
Calculate thermally located hardness, 
and plastic deformation 
Experimentally validation for 







Define load step numbers  
Activate elements by using Eq. 17  
Read the numerical thermal results 
and compare with experimental 
results  
refine Elements size, check the heat 
source model and boundary condition 





where ?̇?𝑙𝑎𝑠𝑒𝑟(𝑥, 𝑦, 𝑧, 𝑡)  is the laser power per unit volume, 𝜌(𝑇) is the temperature-
dependent density of material, 𝐶𝑃(𝑇)  is the specific heat, and 𝐾𝑖(𝑇)  is the thermal 
conductivity (which is isotropic). In this study, when the temperature is higher than the 
melting temperature (1529 °C), the convective heat transfers of fluid flow inside the melt-
pool, called “thermocapillary (Marangoni) flow,” was considered by modifying the thermal 
conductivity for the liquid phase of the melt pool by a factor (2.5 [111]). The solid-to-liquid 
phase transformation thermal effect was considered by including the latent heat, and the 
specific heat was modified based on the latent heat of fusion and it can be expressed as: 
𝐶𝑝
∗ =  𝐶𝑎𝑣𝑔  +
𝐻𝐿
𝑇𝑙−𝑇𝑠
 , 𝐶𝑎𝑣𝑔 = (C𝑠  +  C𝑙  )/2          (3) 
Where C𝑠  is specific heat at solidus temperature, C𝑙 is specific heat at liquidous 
temperature, and 𝐻𝐿 is the latent heat in unit mass. 
The Liquidus temperature (𝑇𝑙), Solidus temperature (𝑇𝑠),  equilibrium melting point and 
latent heat of fusion of AISI 1018 and AISI 420  are mentioned in Table 11. 
 
 







Latent heat of 
fusion 
AISI 1018   1482 °C 1529°C 1497°C 240kJ/kg 





In this study a volumetric heat source model in the x, y, z directions on the substrate is 
introduced as: 
Where R and P are the Radius and Power of the laser beam, 𝜂 is efficieny of laser beam 
(93%), and 𝛽 is laser absorption coefficient. The effective laser absorption coefficient for 
the substrate is calculated from Bramson’s equation [112]: 
 















      
(5) 
 
Where ℛ is temperature-dependent electrical resistivity of the substrate, and 𝜆 is the laser 
beam wavelength. The laser beam used in the experiments was dual wavelength and its 
wavelength was (900-1030 nm). The averaged value of wavelength was used for 
calculations. The electrical resistivity of AISI at 0°C is 159 μΩ at 200°C, and 293 μΩ at 
200°C. the absorption coefficient was calculated in these temperatures. By averaging the 
absorption coefficient values, calculated at different temperatures, the value of the effective 
absorption was found to be 0.66. 
 
 
Table 12. Electrical resistivity and laser beam wavelength. 
Electrical resistivity Laser beam wavelength 
293 μΩ (200°C ) 
900-1030 nm 
159 μΩ (0°C) 
 

















4.2.1 Thermal Boundary & Initial Conditions 
In the boundaries the heat is transferred by convection and radiation to the surroundings. 
The deposited clad beads are exposed to the ambient atmosphere. The initial condition can 
be written as: 
 
𝑇(𝑥, 𝑦, 𝑧, 0) = 𝑇0(𝑥, 𝑦, 𝑧)   for the whole domain at 𝑡 =  0                                  (6) 
        
Where T0 (x, y, z) is the ambient temperature which is taken as 20 ºC. 
The first boundary condition that defines the heat transfer between the clad beads and 
surrounding media has been defined by equation 7a, b. 
 
−𝑘∇𝑇. 𝑛 = ℎ(𝑇 − 𝑇0) + 𝜀𝜎(𝑇
4 − 𝑇0
4)                        𝑖𝑓 ℜ ∉  ℳ (7a) 
−𝑘∇𝑇. 𝑛 = 𝑞 − ℎ(𝑇 − 𝑇0) − 𝜎(𝑇
4 − 𝑇0
4)                  𝑖𝑓 ℜ ∈ ℳ (7b) 
 
Where k is the thermal conductivity coefficient, h is  the convection coefficient 
[20 𝑊. 𝑚−2. 𝑘−1 [113]], T0 is the room temperature, ε is the is emissivity [0.8 [113]], and 
σ is the Stefan-Boltzmann constant.  ℜ (𝑚2), is the surface of the substrate, ℳ(𝑚2) is the 
area of the laser beam on the work-piece. 
Based on the second law of thermodynamics, heat transfer between a heated part and its 
surroundings continues, until the part temperature reaches the ambient temperature. 
This is expressed as:  





 Mechanical Analysis 
In the laser cladding process (both cladding and for additive manufacturing), the nonlinear 
mechanical analysis can be assumed to be a quasi-static incremental analysis [114]. The 
governing equation can be expressed as Eq. 9, and by considering the elastoplastic behavior 











= 0 (9) 
𝜎 = 𝐶𝜀𝑒 (10) 
𝜀 = 𝜀𝑒+𝜀𝑝+𝜀𝑇 (11) 
Where σ is the second-rank stress tensor, C is the fourth-rank material stiffness tensor, and 
𝜀𝑒 is the second-rank elastic stain tensor. The total strain tensor ε is composed of the elastic 
strain 𝜀𝑒, the plastic strain 𝜀𝑝, and the thermal strain 𝜀𝑇. 
The thermal, elastic and plastic strains are computed as Eq. 12, 13 and, 14, respectively:  
 







𝑡𝑟(𝜎)                                                       
(13) 
𝜀𝑝 = 𝑓(𝜎𝑦)                                                                            (14) 
𝜀𝑇 + 𝜀𝑒 + 𝜀𝑝 =
1
2
[∇𝑢 + (∇𝑢)𝑇]   
(15) 
 
Where, 𝐸, 𝑣, 𝛼, , 𝑢, and 𝑓(𝜎𝑦) are Young’s modulus, Poisson’s ratio, thermal expansion 




4.3.1 Mechanical Boundary/Initial Conditions 
Initial conditions for the stress and strain fields which mention the external forces and 
displacement on the surface at the beginning of the cladding process are:  
 
𝜀(𝑥, 𝑦, 𝑧, 0) = 0        &         𝜎(𝑥, 𝑦, 𝑧, 0) = 0     (16) 
 
 Rigid Body Motion Prevention 
In order to prevent rigid body motion, three nodes on the base plates were constrained. Fig. 
23 depicts the location of the constraints. Node number 1 was fully constrained. Node 
number 2 was constrained in the X direction. Node number 3 was constrained in the Y and 
Z directions. 
 








 Melt pool configuration 
The melt pool  development in this study is based on defined function for an elliptical 
cylinder introduced in ref. [115]. This function lets the melted area to change as a result of 
tension of the solid-to-liquid surface. The user-written APDL (Ansys Parametric Design 
Language) subroutine is applied to model the tilted surface of the melt pool by the element 
birth technique based on heat source position by the bellow expression: 







𝑦 − 𝑦0 − 𝐻
𝑦0





Fig.  24. The effect of the Eq. 17 on element activation. 
 
where Θ is a step function with the value of 1 inside of the melt pool and 0 outside of the 
melt pool surface. H is the height of the beads, x0 and z0 are the halves of the interface 




Because of the variation of beads heights in this study between 0.4mm and 0.5 mm (due to 
the variable overlap conditions), an average of 0.45mm as assigned for H in equation 17. 
 
 Finite Element Model 
The thermal element ‘SOLID70’, with temperature as a degree of freedom, was used for 
the transient thermal analysis. After the thermal analysis completion, an uncoupled 
mechanical analysis was conducted, and temperature was loaded as an external transient 
load. The element type for the mechanical analysis was ‘SOLID185’. For the mechanical 
analysis, an elastic–plastic material behavior with strain hardening was used. 
In this study, non-uniform meshes were used to ensure the accuracy of the simulation, and 
to extend beyond the nodal limitation of ANSYS. The generation of the finite element 





Fig.  25. Generation of the finite element models. 
4.6.1 Geometric Models Generation 
The dimension of material deposited on the substrate used to generate the geometric model 
of the samples (Table 13). The geometric models were generated based on the experimental 
sample sizes. For measuring the sizes, Imagej software was used with the Olympus SZX12 
at 20X magnification. Fig. 26 shows the effective bead width of the single bead model for 




used as the bead width of the single bead model, and used as a reference size for finding 
the other sizes by the Imagej software. The height of the bead in the single track model was 
measured as 0.409 mm. In multi-track  samples the height at the start point of overlap 
variation was measured in range of 0.412 mm and 0.42 mm and an average height of  0.416 
was used to simplify the geometric model. At the end of variation in overlap percentage in 
multi-track  laser cladding samples, the height of the beads were measured in range of 0.5 
mm to 0.52 mm and an average height of  0.51mm was used in geometrical model. Table 
10 shows the detailed experimental measurements of the sizes. The geometric models were 
divided to small parts to be used for generating structured meshes. The first, second and 

































Averaged height of 
beads in different cross-
section (mm) 






̶  0.412 4.123 























4.6.2 Mesh Generation  
The geometry of the coating layer changes based on the toolpath for the heat source. There 
will be overlap regions, and the amount of overlap depends on the geometry and process 
planner’s settings. Variable overlap conditions typically occur at a boundary region.  
Here a layer of AISI 420 is deposited onto a mild steel plate (5 mm thick, and 30 mm wide). 
The plates are 100 mm long, and the bead length is 80 mm. The bead overlap percentages 
are 30% and 47%, respectively for 10 mm of travel at the beginning and the end of the 
deposition. The overlap varies from 30% to 47% for 60 mm between these two constant 
overlap areas. Two multi-track bead scenarios were considered: a two bead and a four bead 




model to explore the influence of the percentage overlap on the deposited beads’ physical 
and mechanical properties. Because of the shape complexity of models to be generated for 
the laser cladding process (height variation in the multi-track models along with having 
variable surface contact and tilting in the clad beads), the geometric models are 
unstructured. Unstructured volumes can not be used to generate a structured mesh. This 
fact required the samples to be divided into a set of small structured volumes. 
A structured mesh needs to be developed for the simulation models. One way to generate 
a structured mesh for this unstructured geometry is to divide it into sub-segments. The main 
point which should be noted with this dividing process is that each area for one bead should 
be connected to only one area on another bead. As it can be seen in Table 13 the height 
increases during the deposition and the visible width of the deposited material decreases. 
This fact, along with having variations in the contact surfaces, makes the CAD model 
generation complicated. One solution that was investigated was using the multi-section 
command in the CAD software. Fig. 27 shows two clad beads which were generated with 
the multi-section command in CATIA ®. It should be noted that Fig. 27 is not the final 










Fig.  27. The geometric model of two clad beads illustrating the variable overlap regions and its 
cross-section. 
 
When importing the geometric model (shown in Fig. 27) into a finite element software 
solution (ANSYS®) and activating the structured mesh command, an error message 
indicated that this model could not be used for the generation of a mapped mesh.  
The cross- section of the 2 beads is shown in Fig. 27. As it can be seen, the contact areas 
of the first bead and the second bead are not connected to each other – there is a gap.  
 
One way to solve the aforementioned problem is using the surfaces of the first bead to 
generate the second bead.  Fig. 28 shows the CAD model of to beads and its cross-section. 






Fig.  28. The geometric model of two clad beads. 
 
The main point is that only the surfaces of the part body can be used to draw the CAD 
model of adjacent beads. The extrude command in CATIA should be used to generate the 
other parts by using the surfaces of the part body to eliminate the gaps between the beads. 
Because of this point, for generating the CAD model of the sample with for beads, firstly, 
the first and third beads were generated as part body and their surfaces were used for 








Fig.  29. The geometric model of four clad beads. 
 
All of the small volumes should be overlay each other and the distance between their 
adjacent areas can not be more than more than 1*10-8 mm to be useable for structured 




used. In this study, the first, second and third geometric models  were divided into 147, 





































Fig.  31. a) Geometry, b) FE model for multi-track laser cladding model with two beads, c) 














Fig.  32. a) Geometry, b) FE model for multi-track laser cladding model with four beads, c) 





 Material Model 
The thermal and mechanical properties needed to be specified with respect to their variation 
with temperature. The temperature-dependent Young׳s modulus and Poisson׳s ratio were 
defined for elasticity behavior of the material, and temperature-dependent yield stress and 
elastic–plastic tangent modulus were used to define plasticity of materials. The 
temperature dependent material properties of AISI 1018 and AISI 420 which were used as 
the base plate and deposition materials, were obtained from the database of the commercial 
software SYSWELD and plotted as shown in Fig. 33. 
 
 
Fig.  33. Temperature dependent material properties of AISI 1018 and AISI 420, (a) Thermal 






CHAPTER 5 NUMERICAL RESULTS AND VERIFICATION 
 Thermal Results 
5.1.1 Single Track Model Thermal Results 
5.1.1.1 Temperature Distribution 
Fig. 34 depicts the distribution of temperature in single laser cladding model by laser power 
of 2400 W, scanning speed of 15 mm/s, and powder flow rate of 19 gr/s. In laser cladding 
process, the heat source heats and melts the substrate surface. The powder is also delivered 
to melt pool to make a clad bead. As shows in Fig. 34, as laser beam moves forward the 
maximum temperature increases. 
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Fig.  34. Temperature distribution of single track model. 
t=0.77 S 
Tmax =2209 °C 
t=4.76 S 
Tmax =2220 °C 
 
t=15 S 






The mechanical properties of the deposited clad beads are affected by the thermal gradient 
during the cladding process. A high heat input is applied in a limited area causing the areas 
near the heat source to have a very high temperature which results to a very sharp thermal 
gradient.  
5.1.1.2 Temperature Plots 
Fig. 35 shows the evolution of temperature at two different positions in the single-track 
cladding process. Points P1 and P2 have 10 mm distance from the start and end points of 
the bead, respectively. Temperature history shows the effect of laser movement on the 
maximum temperature during the laser cladding process. 
 
 
Fig.  35. Temperature evolution versus cladding time: single-track laser cladding. a) location of 








5.1.2 Multi-Track Laser Cladding Model Thermal Results 
5.1.2.1 Temperature Distribution 
Fig. 36 and 37 show temperature distributions in the multi-track  laser cladding models. As 
it can be seen, high temperature in front of the melt pool area drops down sharply.  In the 
multi-track laser cladding models, the most important point which should be relates to post 
heating the previously deposited clad beads. The given temperature distribution in multi-
track laser cladding models, shows the maximum temperature in the former deposited bead 
reaches more than the austenization temperature through deposition of each bead (AISI 
P420, AC=1015 °C [117]).  The rapid heating and cooling approach work as heat treatment 
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220 252 276 299 323 346 370 394 417 441 
Fig.  37. Temperature distribution in multi-track laser cladding model with four beads. 
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5.1.2.2 Multi-Track Models Temperature Plots  
5.1.2.2.1 Temperature Contours in Multi-Track Model with Two Beads 
Fig. 38 shows the monitoring locations at multi-track model with two beads.  At points P1 
and P2 the maximum temperature is at least 904 °C higher than the equilibrium melting 
point of AISI 420 (1529 °C) and is the highest temperature that these points experience in 
the cladding zone due to the maximum laser intensity at these locations. Their temperature 
shows that the cladding process reached steadiness. Point P1 and P3 were selected to show 
the temperature history in second track. At these locations, there are two peaks for each 
thermal cycle. Point P1 reaches its maximum temperature of 2204 °C in the first track. By 
the laser movement, the temperature of this point starts to decrease through the transition 
time. By starting the second track, this point starts to heat up again. Point P1 post heated to 
maximum temperature of 762 °C, and Point P3 post heated to a maximum temperature of 
1400 °C. As it can be seen in Fig.38, because of variation in overlap percentage, the post-






5.1.2.2.2 Temperature Countours of  Multi-Track  Model with  Four Beads 
Fig. 39 shows the monitoring locations for the multi-track model with two beads.  In 
different locations on the model, the maximum temperature, heating and cooling are 
different which are dependent on the laser beam distance and the locations. Different 
authors [101,112] have considered temperature distribution in the cladding processes of 
multi-track beads with different overlap percentage. They have shown that in the second 
or third beads which are deposited with a constant overlap percentage that the post heating 
temperature in the former deposited bead goes up as the adjacent bead deposited. In this 
study, because of overlap percentage variation percentage from 30% to 47%, the post 
heating temperature has increased differences. It is expected that the post heating 
temperature goes up with higher speed with respects to the models with constant overlap 
percentages and the temperature behavior at point P1 and P3 has shown the accuracy of this 




Fig.  38. The temperature distribution in multi-track laser cladding with two beads. 























Fig.  39. The temperature distribution in multi-track laser cladding model with four beads. a) 
Points on the first bead, b) Points on the second bead, c) Points on the third bead, d) Points on 
the fourth bead. 
 
5.1.3 Melt pool Size: Experiment vs. Simulation 
5.1.3.1 Melt Pool Size in Single Track Model 
The penetration depth of the bead for the single track model from the numerical model 
results is depicted in Fig. 40 to compare it to the  experimental results. These results show 
that the simulated melt pool shape and the measured dimensions are comparable. The depth 
of the melt pool for the single track model was experimentally measured to be 0.33 mm. 
For verifying the thermal finite element model, the temperature is measured in two adjacent 
nodes where their temperatures are less than and more than liquids temperature of the 
substrate. In single bead model (see Fig. 40) Point A is on the edge of the bead and point 
B is 0.4 mm beneath the clad bead. The temperature at point A is higher than substrate 
melting point (1529 ºC) and temperature of node B is less than substrate melting point.By 
interpolating between these two points, the numerical melt pool depth was found to be 
0.362 mm. This represents less than a  0% difference (9%). The temperature range, shown 
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Fig.  40. Melt pool configuration in single track model. 
 
5.1.3.2 Melt Pool Size in Multi-Track Models 
Figures 41 and 42 show the comparison of the melt pool depth from the thermal analysis 
with respect to the experimental measurements for the multi-track laser cladding models, 








The melt pool depth for all of the models was measured in each cladded bead as explained 
in section 5.1.4. As shown, the error range between numerical and experimental results is 
between −3% and +2.1 % for the melt pool depth.  
As it can be seen, by increasing the number of deposited clad beads, depth of the melt pool 
increases. The amount of heat absorbed by the substrate and powder increases which results 
in the temperature increase, which causes the higher amount of substrate material to melt.  
  
Fig.  41. Comparison between numerical and experimental melt pool depth of multi-track 


























































 Heat Affected Zone  
Fig. 43 compares the heat affected zone resulted from numerical and experimental 
consideration for the single bead model. As it can be seen in Fig. 44 and 45, by increasing 
the number of deposited beads, the depth of the heat affected area increases. Because of 
the variation in the overlap percentage by moving from 30% overlap towards a 47%, a 
stronger post heating causes heat affected zone depth to increase.  
 
 






Fig.  42. Comparison between numerical and experimental melt pool depth of multi-track 


































































Fig.  44. HAZ in cross-section of multi-track model with two beads at, RHS) the end of 30% 













Fig.  45. HAZ in cross-section of multi-track laser cladding model with four beads at, RHS) 
end of 30% overlap, LHS) beginning of 47% overlap. 
 
5.2.1 Heat Affected Zone Size: Experiment vs. Simulation 
The depth of heat affected zone of the models resulted from the numerical analyses were 
compared to the experimental results. For comparison, a temperature of 1100 ºC was 
selected to determine the depth of the heat affected zone. The approach for numerical heat 
affected zone measurements is same as melt pool measurements. The depth of heat affected 
zone in single track model was experimentally measured as 0.945 mm, and the numerical 
heat affected zone depth was found to be 1.097 mm. 
5.2.1.1 Heat Affected Zone Size in Multi-Track Models 
Figures 46 and 47 show the comparison of the heat affected zone depth of the thermal 
analysis with respect to the experimental measurements in multi-track laser cladding 
models along with their differentials. As shown, the error between numerical and 
experimental results is between −1% and +4.1 % for the melt pool depth. As it can be seen, 





Fig.  46. Comparison between numerical and experimental heat affected zone depth of multi-track 
model with two beads. HAZ depth at, a) the end of 30% overlap, b) the beginning of 47% 
overlap. 
  
Fig.  47. Comparison between numerical and experimental heat affected zone depth of multi-track 
model with four beads. HAZ depth at, a) the end of 30% overlap, b) the beginning of 47% 
overlap. 
 
 Distortion Evaluation  
During each clad bead deposition, the powder material and the substrate surface 
temperature increase sharply and the melt pool is generated. Then, the melted materials 

































































































thermal gradients to be generated in the part that lead to the formation of large levels of 
residual stress and distortion.  
5.3.1 Distortion Distributions  
Fig. 48-50 show the distortion distribution and thermal gradient of the laser cladding 
models.  As shown, the distortion at the left hand side of the models is more that the 
distortion at the right hand side. This fact shows that there is a higher thermal gradient 
during the cladding process in the left side and it has caused this side of all of the samples 
to move upward. The thermal gradient distributions show the consistency of the thermal 
results with the distortion results. One reason which resulted in the distortion distribution 
unbalance is the effects of the hole on the temperature loss during the process. Among the 
three holes, the hole which has been drilled in the left hand side of the samples has more 
effects on the thermal gradient. This hole has caused the left side of the samples to lose 
more temperature and as a result the plate has moved upward.  
 
 
         
 






         
 
84 405 725 1046 1366 1687 2008 2328 2649 2809 
Fig.  48. Distortion, and b) Thermal gradient distributions in single bead model. 
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5.3.2 Effects of the Holes on Distortion 
Fig. 51 illustrates the thermal gradient in the Y direction for the multi-track model with 
four beads. As it can be seen the thermal gradient in the Y direction in the LHS is higher 
that RHS thermal gradient. The higher thermal gradient in LHS caused this side to displace 
more that the other side. This is resulting in distortion distribution shown in Fig. 48-50.  
Fig. 52 depicts the thermal gradient plot for two nodes selected on the base plate top surface 
on left and right hand sizes. The distortion for node “Z2” is -0.49E-4 m and the distortion 
for node “Z1” is -0.18E-3 m. As it can be seen the maximum thermal gradient at the left 
hand side is 640 times more than the right hand, which causes a higher contraction at the 
left hand side, resulting in greater distortion. 
Note: the distortion numbers are defined by the coordinate system shown in Fig. 51. If the 
coordinate location changes, the relative displacement numbers change, but the absolute 
differences for the complete sample remain common.  
         










Max. temp. < 400° C 
RHS node Z1 
 
 Thermal grad. < 1250°C/m 
 
RHS node Z1 
  




 Max. temp. > 400° C 
LHS node Z2 
 
 
Thermal grad. ~ 6400°C/m 
LHS node Z2 
 






5.3.3 Distortion Validation 
For comparing the distortion results from the numerical analyses with the experimental 
measurements, relative displacement values were used. One node at the bottom of the 
models ( 9.5 mm and 8 mm in the X and Z directions) was selected to be the datum point 
which is equivalent to coordinate system used for the experimental measurement.  The 
distortion was deduced from the displacement values at the nodes which are equivalent to 
the measurement points for the experimental distortion measurement map. Fig. 53 depicts 
the location of the nodes on the bottom surface of the models. 
 
 
Fig.  53. The location of the nodes for distortion measurements on the intersections. 
 
For simplifying the expression for the error percentage, the amount of distortion in 
specified points in z direction, (the point which have the same “z” sizes) was averaged for 
both the experimental and numerical results. This is compared in Fig. 54. The maximum 
error percentages of the numerically modeled and experimentally measured results for the 













Fig.  54. Averaged differences of numerically modeled and experimentally measured distortion 



















































































 Hardness Evaluation  
The solidification characteristics have an important influence on the microhardness of the 
coatings generated by laser cladding. The structure of the solidification includes austenite 
dendrites and depends on the cooling rate. The cooling rates for the laser cladding process 
are fast. Because of the high cooling rate, it is expected that the martensite structure to 
dominate the clad.  
The substrate and deposited material have different thermal expansion coefficients which 
leads to the variation of the ultimate tensile stress during the deposition process and when 
cooling down to the ambient temperature. On the other hand, thermal cycles occur at each 
point of either the substrate or deposited materials. These thermal cycles cause both the 
substrate and deposited materials to experience martensitic and austenite phases which 
changes the hardness results. 
The material capacity to withstand loads tending to elongate them is the ultimate tensile 
strength. It is measured by the maximum stress that a material can withstand while being 
stretched or pulled before breaking.  An empirical linear correlation between the ultimate 
tensile stress and hardness can be expressed as [118]: 
𝐻𝑎𝑟𝑑𝑛𝑒𝑠𝑠 = 3.1 × (𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑠𝑠)   (18) 
 
Fig. 55 shows the hardness distribution in a cross section in the middle of single track 
model. It is shown that hardness has decreased from the top of the bead area, by reaching 







         
 
161 231 301 370 440 510 580 650 720 
Fig.  55. Hardness distribution in single track model. 
 
Fig. 56 shows the hardness distribution in the 30% and 47% cross sections for the multi-
track models with two beads. As it can be seen, the hardness in the clad area is higher than 
the base material hardness. In both cross-sections of the multi track models, the hardness 
of the first bead is higher than hardness of the other adjacent clad beads. The high hardness 
is related to the martensite being formed during the melt pool cooling. 
 
         
 
141 203 327 389 451 513.39 576 638 699.5 
Fig.  56. Hardness Distribution in multi-track model with two bead. a) 30% overlap cross-
section, b) 47% overlap cross-section. 
 
Fig. 57shows the hardness numerical results for the 30% and 47% percent overlap in multi-
track model with the four beads. By comparing the averaged hardness in two cross-sections 





It is due to the cooling rate reduction in the bigger dilution zone for the 47% cross-sections. 
The hardness decreases with the increasing dilution zone size. The dilution zones in the 
47% overlap cross-sections are bigger with respect to 30% overlap cross-sections (See Fig. 
40). The dilution size increase leads to higher and concentrated melt temperatures due to 
the overlap percentage change. This fact results in a reduction of the cooling rate of the 





         
 
141 201 261 321 381 441 501 561.4 621.41 681.42 
Fig.  57. Hardness Distribution counters in multi-track model with two beads. a) 30% overlap 
cross-section, b) 47% overlap cross- section. 
 
By comparing the hardness results for the 47% two bead model and the four bead model, 
it is realized that hardness in the four bead model is lower. The reason is due to the absorbed 
heat by the first beads, when it is applied to the model as the new bead is deposited. The 
heat causes the formerly deposited material to absorb energy that causes the depth of melt 
pool to increase, which in turn leads to a lower cooling rate resulting in a hardness 
reduction. To illustrate this fact Figures 58-59 have been generated to show hardness, 





temperature and thermal gradient of 4 nodes specified in Fig. 57a. As it can be seen, the 
hardness and thermal gradient values of node N1, N2, N3 are larger than the hardness and 
thermal gradient values of node (N2, N3, N4), (N3, N4), (N4), respectively.  
Figures 60-61 shows hardness, temperature and thermal gradient of 4 nodes specified in 
Fig.57b. As it can be seen, the hardness and thermal gradient values of node N5, N6, N7 
are larger than the hardness and thermal gradient values of nodes (N6, N7, N8), (N7, N8), 
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Fig.  59. Hardness, temperature and thermal gradient variation for the nodes N3, N4 specified 
in Fig. 57a. 
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Fig.  60. Hardness, temperature and thermal gradient variation for the nodes N5, N6 specified 
in Fig. 57b. 
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Fig.  61. Hardness, temperature and thermal gradient variation for the nodes N7, N8 specified 
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5.4.1 Hardness Validation 
In order to validate the numerical hardness results with the experimentally measured 
hardness values, the average of numerical contours (toolbars with numbers beneath each 
picture) was compared with the average of experimental hardness values for both cross 
sections. In samples, hardness was measured in 24 points experimentally. The average of 
hardness for each sample was calculated. Fig. 62 shows a detailed comparison of numerical 
and experimental results. As shown, the error range between numerical and experimental 


































































































CHAPTER 6 SENSITIVITY ANALYSIS 
This study was carried out to find the effect of substrate and bead lengths (process time) 
on distortion and hardness formation, and their sensitivity. The qualitative and quantitative 
effectiveness of a bead length can be determined by using a sensitivity analysis. This 
analysis will provide insight for more realistic conditions, and highlight simulation 
challenges.  Here, the samples with a base plate length of 180 mm and a 160 mm bead 
length are compared to a 100 mm base plate length is 100 mm with an 80 mm bead length.  
 Distortion of Samples with Different Number of Beads and Lengths 
Fig. 63 shows distortion for the single track, multi-track with two beads, and multi-track 
with four beads, respectively for the 100 mm base plates. Fig. 64 shows distortion for the 
single track, multi-track with two beads, and multi-track with four beads, respectively for 
the 180 mm plates. As it can be seen, distortion has increased with increasing the bead 










































X direction (E-3 m)
Single bead model
-0.10--0.05 -0.05-0.00 0.00-0.05 0.05-0.10
Unit of measurement: mm 
 9.5 36.5 63.5 90.5 
8 0  -0.07  -0.07 0.00 
12.5 0.02 -0.05 -0.05 0.03 
17 0.04 -0.03 -0.01 0.06 



















































X direction (E-3 m)
Two beads model





































X direction (E-3 m)
Four beads model



































X direction (E-3 m)
Single bead model
-0.40--0.20 -0.20-0.00 0.00-0.20
Unit of measurement: mm 
  9.5 36.5 63.5 90.5 
8 0.00 -0.08 -0.08 0.02 
12.5 0.05 -0.06 -0.06 0.04 
17 0.08 -0.02 -0.02 0.07 





Unit of measurement: mm 
 9.5 36.5 63.5 90.5 
8 0.00 -0.18 -0.18 0.01 
12.5 0.05 -0.13 -0.13 0.04 
17 0.11 -0.07 -0.08 0.09 





Unit of measurement: mm 
 10 50 90 130 170 
8 0.00 -0.23 -0.33 -0.22 -0.03 
12.5 -0.02 -0.17 -0.23 -0.14 0.06 
17 -0.03 -0.08 -0.14 -0.07 0.08 





















































































X direction (E-3 m)
Four beads model
-1.00--0.50 -0.50-0.00 0.00-0.50 0.50-1.00
Unit of measurement: mm 
 10 50 90 130 170 
      
8 0.00 -0.33 -0.45 -0.35 -0.03 
12.5 0.12 -0.22 -0.35 -0.24 0.07 
17 0.25 -0.09 -0.24 -0.14 0.17 









Unit of measurement: mm 
 10 50 90 130 170 
8 0.00 -0.54 -0.75 -0.55 -0.02 
12.5 0.18 -0.38 -0.57 -0.39 0.15 
17 0.37 -0.19 -0.40 -0.21 0.33 








 Sensitivity of the Bead Lengths on Distortion 
Fig. 65 shows the maximum distortion for each two equivalent samples with a 100 mm and 
180 mm base plate length. For both set of samples, by depositing a higher number of beads, 
the distortion has increased as it was expected. Interestingly, there is no obvious 
proportional relationship for the bead length and distortion changes. The distortion ratios 
shown in Table 14 illustrates this fact.  
Fig.  65.The effects of sample length on distortion. 
 
In the laser cladding process, the heat source moves across the plates with high energy. The 
substrate surface is heated and melted by a high power heat source. Simultaneously, the 
powder is fed into the melt pool to make a layer of coating. The large amount of heat causes 




deposition, the high thermal gradient causes the plate to contract quickly which causes 
distortion. In the plates with higher length, the heat input has been applied for a longer time 
which has caused larger distortion in the samples. However, the bead length change is 
double, but the observed increase in distortion varies from approximately 4 to 5 times more 
(Table 14). 
 
Fig.  66. Maximum distortion for the samples with a 100 mm and 180 mm length. 
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6.2.1 Distortion Variation by Increasing Bead Numbers  
Fig. 67 shows that with the samples with the same lengths, distortion increases by 
increasing the number of deposited beads in the samples. In the process of the deposition 
of each bead, a melt pool is formed. The melted material then quickly solidifies and cools 
as the laser moves across the sample, generating large thermal gradients in the part (as 
discussed in section 5. 4) that can causes the formation of large level of distortion. 
 











Fig. 68 shows the maximum distortion variation for the samples which have 100 mm and 
180 mm base plates length. As it can be seen by increasing deposited bead numbers, the 







Fig.  68. The maximum distortion variation in samples which have 100mm and 180 mm base 
plates length. 
 
 Sensitivity of the Bead Lengths on Hardness 
Fig. 69 shows the averaged hardness values in the first bead of each sample of for the single 
and multi-track laser cladding samples with the different lengths. As shown, the hardness 
of the samples with a longer length is reduced by a small amount (< 0.2%) which can be 
neglected. For the longer samples, the heat source moves across the samples for a longer 
distance. Although the temperature distribution reaches steady-state, it increases in a very 
low amount, which causes the dilution zone to reduce (a negligible amount) which in turn 

































































































Multi -Track Model with Two clads






























Multi -Track Model with four clads






























By comparing the averaged hardness of the single bead model with the averaged hardness 
of the first bead in 30% and 47% overlap cross-section of all samples (Fig. 70), it is 
revealed that hardness is very sensitive to the amount of overlap. This fact should be noted 
that lower amount of hardness is because of post-heating. It can not be concluded that lower 
hardness in the first bead in 47% overlap means that it has lower thermal gradient than 30% 
during the deposition of the first bead.  
 
Fig.  70. Variation of overlap effects on hardness of the samples. 
 
Fig. 71 shows the thermal gradient in second, third, and forth beads of the multi track model 
with for beads. As it can be seen Fig. 71 (a,c) thermal gradient in 30% overlap affects only 
one of the formerly deposited clad beads, and in the middle of the former bead, the thermal 
gradient amount highly decreases. By considering the thermal gradient in 47% overlap 
regains (Fig. 71 (b,d)), it is revealed that thermal gradient affects two of the formerly 
deposited beads, and the thermal gradient amount remains high in one of the formerly 
deposited clad beads. This fact shows the reason of hardness reduction by increasing the 
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By increasing the overlap percentage, a larger area melts. This reduces the cooling rate of 
the melt pool resulting in a reduction of the martensite phase, which is generated by rapid 











CHAPTER 7 CONCLUSION AND FUTURE WORK 
High power based cladding is an economical process for repairing, building valued 
components, and coating the substrates that are used in a sensitive location or that are 
expensive to replace.  Laser cladding is used for depositing a well-bonded layer. Based on 
the complexity of the parts which are intended to be coated with laser cladding process, 
using a constant overlap between to adjacent clad bead either is not possible or does not 
lead to a high qualify coating. The industrial parts do not have a simple rectangular parts 
to be used for a constant overlap percentage. Accordingly, variation in overlap percentage 
has been considered in this study.  
 Conclusion  
In this study the process of laser deposition of a layer of coating of AISI 420 composite on 
AISI 1018 with variable overlap was considered and analyzed in detail. The associated 
challenges were identified, but also they were addressed. The contributions and 
conclusions of this study are summarized as follows: 
 
 Eighteen samples were experimentally produced for 6 different conditions. Nine 
samples have 100 mm base plates length, and the rest of them have a 180 mm base 
plate length.  





 A three-dimensional (3D) transient uncoupled thermo-elastic–plastic model was 
generated to simulate a thermal process, hardness and distortion during the single- 
and multi-track laser cladding models. 
 Based on the complexity of the geometry of the experimentally produced samples, 
generating a mapped structured mesh on the CAD model of the samples was 
impossible. Hence, they were divided to small structured bodies to be usable for 
generating finite element models. 
 It was found that increase of the overlap percentage increases the post heating 
temperature in the formerly deposited clad beads. A numerical thermal model was 
developed to identify the overlap variation effects on post heating temperatures. 
The thermal model was developed in a way of reducing the maximum temperature 
with maximum possible cooling rate by considering the convection of fluid flow 
inside the melt-pool, called “thermocapillary (Marangoni) flow, and the latent heat 
and phase transformations effects. 
 The melt pool depth in each sample was considered and it was found by increasing 
the overlap percentage, the melt pool depth increases. 
 The distortion analysis showed that the thermal gradient has a direct relation with 
distortion - the higher the thermal gradient, the higher distortion.  
 Because of high cooling rate in the clad area, it is expected that the martensite 
structure to dominate the clad area. This will be assessed in future research.  
 The cooling rate in the clad area is more than cooling rate in the other part of the 




 By depositing a new clad bead beside the previously deposited bead, the melt pool 
depth of the first one increases, so, its cooling rate decreases resulting in reduction 
of the martensite phase. As the martensite phase has direct relation with hardness, 
in the multi-track models, the hardness of the first bead is higher that the hardness 
of later deposited clad beads. 
 By considering sensitivity of bead lengths on distortion, it was revealed: 
1. By increasing the length of the base plate (clad bead) distortion increases. 
By increasing the length from 100 mm to 180 mm distortion in single bead 
model, two beads model, and four beads model has increased 4.7 times, 5. 
times, and 3.9 times, respectively. 
2. The number of deposited clad beads has direct relation with distortion. In 
100 mm sample the ratio of the maximum distortion of the sample with two 
beads to distortion of single bead model is 10%, and the ratio of the 
maximum distortion of the sample with four beads to distortion of sample 
with two beads is 22.5%.  
 By considering sensitivity of bead lengths on hardness, it was revealed: 
1. There is an insignificant reduction of hardness with the samples with a longer 
length.  
2. The maximum hardness in the first bead on the 30% and 47%overlap cross-
sections of the 100 mm sample with four beads are 703.8 HV and 653 H, 
respectively. The maximum hardness in the first bead on the 30% and 47% 
overlap cross-section of the 180 mm sample with four beads are 701 HV and 




the overlap percentage increases. The reason for this reduction is based on the 
slight increase of the melt pool depth. 
3. By increasing the overlap percentage, the hardness reduces. In the multi-track 
model with four beads, the maximum hardness for the first bead in the cross-
section with 30% overlap is 704.75 HV and the maximum hardness in of the 
first bead in the cross-section with 47% overlap percentage is 654.16 HV. By 
comparing the maximum amount, it is realized that hardness has reduced 50.59 
HV (approximately 8%). By comparing the melt pool depth found by thermal 
analysis (see Fig. 39), it can be seen that melt pool depth has increased 0.9 mm. 
This comparison shows that cooling rate in the 30% cross-section is faster than 
cooling rate in the 47% cross-section which causes bigger hardness in the first 
bead of 30% overlap cross section. By increasing the overlap percentage, a 
bigger area of the substrate melts. This fact reduces the cooling rate of the melt 
pool resulting in a reduction of the martensite phase which is generated by the 
rapid cooling of the melt area. This situation causes a reduction of hardness. 
 The run times for the single bead model, multi-track model with two beads and 
multi-track with four beads were 4 hours, 11 hours and 27 hours, respectively (ran 
using MSI, CORE i7). 
 The structural run times for the single bead model, multi-track model with two 
beads and multi-track with four beads were 21 hours, 50 hours and 77 hours, 




 The thermal and structural run times for multi-track models with two beads and 
multi-track with four beads were approximately 24 hours (DESKOP, APPLE, 
CORE I 20) 
To conclude, through numerical and experimental studies, this research quantified the 
hardness and distortion distributions in single and multi-track models with variable 
overlap percentages. The toolpath affects the mechanical properties of a coating layer, 
and will affect the mechanical and physical properties of an AM component generated 
by laser cladding based process. This needs be investigated in depth when developing 
AM specific tool paths, as not only will the process settings, but the tool path will 
influence the mechanical properties, and the final quality of the part. Based on the 
similarity of laser cladding process with SLS and 3D printing results of this research 
can be used to understand these processes as well.  
 Future Work  
Based on this study the following are recommended for future work research: 
 The elliptical melt pool configuration equation has caused the computing time to 
increase. Determining the intensity of the effect of the melt pool geometry on the 
run time is recommended. 
 Thin wall bead stacking simulations should be performed for large, thin walled 
components. Thermocouple measurements cannot be used for this scenario.  
 The mechanical properties for other materials with a multi-track bead with the 
variable overlap configuration should be explored. 
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Appendices. 1. Distortion experimental results 
Unit of distortion measurement: mm 
 
 Single bead (100 mm) 
a1 9.5 36.5 63.5 90.5 
8 0 0.07 0.06 0 
12.5 -0.02 0.05 0.05 -0.02 
17 -0.04 0.03 0.02 -0.04 
21.5 -0.04 0 0 -0.05 
 
a11 9.5 36.5 63.5 90.5 
8 0 0.07 0.09 0.02 
12.5 -0.02 0.07 0.07 0 
17 -0.04 0.04 0.01 -0.05 
21.5 -0.07 0.02 0.02 -0.04 
 
a111 9.5 36.5 63.5 90.5 
8 0 0.07 0.06 -0.03 
12.5 -0.03 0.04 0.02 -0.06 
17 -0.05 0.01 0.01 -0.08 






























b1 9.5 36.5 63.5 90.5 
8 0 0.08 0.07 -0.02 
12.5 -0.03 0.08 0.04 -0.04 
17 -0.05 0.01 0.01 -0.05 
21.5 -0.1 -0.02 -0.02 -0.11 
         
b2 9.5 36.5 63.5 90.5 
8 0 0.08 0.09 -0.01 
12.5 -0.05 0.05 0.05 -0.05 
17 -0.1 0 0.01 -0.1 
21.5 -0.15 0.04 0.03 -0.15 
         
b111 9.5 36.5 63.5 90.5 
8 0 0.07 0.09 -0.02 
12.5 -0.06 0.06 0.08 -0.04 
17 -0.09 0.04 0.04 -0.06 




 Multi-track model with four beads (100 mm) 
 
c1 9.5 36.5 63.5 90.5 
8 0 0.18 0.19 0.01 
12.5 -0.03 0.14 0.14 -0.02 
17 -0.09 0.08 0.09 -0.07 
21.5 -0.15 0.01 0.04 -0.12 
         
c11 9.5 36.5 63.5 90.5 
8 0 0.18 0.17 -0.03 
12.5 -0.05 0.13 0.13 -0.05 
17 -0.12 0.07 0.08 -0.1 
21.5 -0.18 0.06 0.01 -0.16 
         
c111 9.5 36.5 63.5 90.5 
8 0 0.18 0.18 0 
12.5 -0.06 0.13 0.13 -0.06 
17 -0.12 0.07 0.07 -0.1 










 Single bead (180 mm) 
 
A1 10 50 90 130 170 
8 0 0.23 0.33 0.22 0.03 
12.5 0.09 0.165 0.24 0.14 -0.055 
17 0.12 0.08 0.16 0.07 -0.08 
21.5 0.14 -0.015 0.04 -0.01 -0.15 
            
A11 10 50 90 130 170 
8 0 0.23 0.31 0.22 0 
12.5 0.08 0.17 0.22 0.17 -0.09 
17 0.11 0.12 0.12 0.12 -0.1 
21.5 -0.13 0.09 0.05 0.08 -0.12 
            
A111 10 50 90 130 170 
8 0 0.23 0.35 0.22 0.06 
12.5 -0.1 0.16 0.22 0.11 -0.02 
17 -0.13 0.04 0.14 0.02 -0.06 










 Multi-track model with two beads (180 mm) 
B1 10 50 90 130 170 
8 0 0.33 0.43 0.32 0.04 
12.5 -0.12 0.21 0.34 0.21 -0.07 
17 -0.25 0.09 0.26 0.12 -0.16 
21.5 -0.35 -0.06 0.09 0 -0.28 
            
B11 10 50 90 130 170 
8 0 0.34 0.46 0.38 0.03 
12.5 -0.12 0.22 0.35 0.27 -0.08 
17 -0.24 0.09 0.23 0.15 -0.19 
21.5 -0.34 -0.02 0.11 0.03 -0.28 
            
B111 10 50 90 130 170 
8 0 0.33 0.45 0.35 0.02 
12.5 -0.11 0.23 0.36 0.25 -0.07 
17 -0.25 0.09 0.24 0.16 -0.17 











 Multi-track model with four beads (180 mm) 
C1 10 50 90 130 170 
8 0 0.53 0.7 0.5 0 
12.5 -0.19 0.35 0.54 0.35 -0.16 
17 -0.4 0.17 0.36 0.17 -0.36 
21.5 -0.57 -0.02 0.18 0 -0.52 
            
C11 10 50 90 130 170 
8 0 0.53 0.75 0.58 0.05 
12.5 -0.17 0.37 0.57 0.42 -0.12 
17 -0.37 0.18 0.41 0.24 -0.3 
21.5 -0.56 -0.1 0.23 0.09 -0.46 
            
C111 10 50 90 130 170 
8 0 0.57 0.79 0.58 0 
12.5 -0.17 0.41 0.61 0.41 -0.16 
17 -0.34 0.22 0.43 0.23 -0.34 










Appendices. 2. Hardness experimental results 
Unit of hardness measurement: HV 
 
 
 Single bead (100 mm) 
Cross-section1  Cross-section2 
687.6 691.21  685.2 688.45 
706.14 711.45  707.98 712.26 
591.15 591.6  596.13 591.31 
543.04 545.15  546.7 540.06 
402.87 410.64  404.37 400.17 
226.15 227.44  216.97 226.25 
     
   Cross-section2 
   688.9 689.71 
   708.61 708.75 
   587.53 594.56 
   545.15 543.29 
   394.69 399.25 







































Cross-section1  Cross-section2 
680.11 679.23  643.95 647.23 
704.66 697.36  660.76 665.59 
590.9 585.56  556.95 556.84 
542.84 539.64  513.01 514.69 
398.93 408.43  386.08 392.63 
225.13 226.42  214.69 215.38 
     
Cross-section1  Cross-section2 
678.89 682.34  641.79 648.38 
703.56 699.58  658.86 664.12 
592.03 584.41  555.79 553.68 
540.71 538.44  516.16 513.23 
401.05 411.55  390.23 392.47 




 Multi- track with four beads (100 mm) 
Cross-section1  Cross-section2 
679.78 680.15  639.2 637.95 
701.83 698.83  654.57 655.81 
578.45 581.51  548.16 519.5 
541.49 538.87  402.48 393.24 
395.83 405.46  387.34 391.59 
221.57 219.86  211.72 210.48 
     
Cross-section1  Cross-section2 
683.83 681.69  636.04 640.06 
705.77 712.6  653.42 652.86 
584.91 586.97  546.28 516.35 
528.03 535.83  398.47 391.11 
396.28 402.92  384.19 387.23 

















 Single bead (180 mm) 
Cross-section1  Cross-section2 
689.84 689.96  686.96 682.28 
705.12 708.31  712.55 710.44 
592.29 596.74  589.05 592.17 
539.80 544.00  547.56 539.72 
405.04 411.78  414.69 400.83 
220.01 226.50  233.22 244.17 
     
   Cross-section2 
   689.44 686.46 
   701.43 699.12 
   588.03 594.15 
   544.56 541.84 
   407.51 403.31 












































Cross-section1  Cross-section2 
679.5 682.21  637.72 643.02 
699.42 704.53  654.55 659.97 
586.4 584.21  551.21 550.28 
537.65 535.38  510.43 509.18 
396.45 398.24  382.8 387.47 
214.47 219.75  204.94 206.74 
     
Cross-section1  Cross-section2 
678.25 680.71  641.15 646.21 
701.29 699.24  658.05 663.22 
588.52 583.47  554.65 553.6 
539.15 536.57  513.2 512.36 
397.56 404.82  386.37 390.86 




 Multi- track with four beads (180 mm) 
Cross-section1  Cross-section2 
678.06 679.97  638.172 636.54 
700.55 697.37  651.257 653.28 
588.43 577.05  534.155 521.38 
535.83 534.11  395.805 394.63 
391.56 401.7  398.255 390.81 
224.04 225.11  211.0658 212.35 
     
Cross-section1  Cross-section2 
679.56 680.93  637.8 631.84 
701.38 698.93  653.42 545.04 
586.93 579.51  541.74 431.38 
537.12 535.6  398.76 396.5 
393.89 403.032  395.78 394.38 
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